Pires PW, Jackson WF, Dorrance AM. Regulation of myogenic tone and structure of parenchymal arterioles by hypertension and the mineralocorticoid receptor. Am J Physiol Heart Circ Physiol 309: H127-H136, 2015. First published April 24, 2015 doi:10.1152/ajpheart.00168.2015.-Proper perfusion is vital for maintenance of neuronal homeostasis and brain function. Changes in the function and structure of cerebral parenchymal arterioles (PAs) could impair blood flow regulation and increase the risk of cerebrovascular diseases, including dementia and stroke. Hypertension alters the structure and function of large cerebral arteries, but its effects on PAs remain unknown. We hypothesized that hypertension increases myogenic tone and induces inward remodeling in PAs; we further proposed that antihypertensive therapy or mineralocorticoid receptor (MR) blockade would reverse the effects of hypertension. PAs from 18-wk-old stroke-prone spontaneously hypertensive rats (SHRSP) were isolated and cannulated in a pressure myograph. At 50-mmHg intraluminal pressure, PAs from SHRSP showed higher myogenic tone (%tone: 39.1 Ϯ 1.9 vs. 28.7 Ϯ 2.5%, P Ͻ 0.01) and smaller resting luminal diameter (34.7 Ϯ 1.9 vs. 46.2 Ϯ 2.4 m, P Ͻ 0.01) than those from normotensive Wistar-Kyoto rats, through a mechanism that seems to require Ca 2ϩ influx through L-type voltage-gated Ca 2ϩ channels. PAs from SHRSP showed inward remodeling (luminal diameter at 60 mmHg: 55.2 Ϯ 1.4 vs. 75.7 Ϯ 5.1 m, P Ͻ 0.01) and a paradoxical increase in distensibility and compliance. Treatment of SHRSP for 6 wk with antihypertensive therapy reduced PAs' myogenic tone, increased their resting luminal diameter, and prevented inward remodeling. In contrast, treatment of SHRSP for 6 wk with an MR antagonist did not reduce blood pressure or myogenic tone, but prevented inward remodeling. Thus, while hypertensive remodeling of PAs may involve the MR, myogenic tone seems to be independent of MR activity. hypertension; cerebral parenchymal arterioles; mineralocorticoid receptor; inward remodeling; myogenic tone PROPER PERFUSION OF THE BRAIN parenchyma is vital for neuronal homeostasis, since these cells have limited capacity to store energy and nutrients (9). Even small changes in cerebral perfusion pressure can have detrimental effects on neuronal function that lead to long-term consequences, such as small vessel disease and cognitive impairment (16). Parenchymal arterioles (PAs), also known as penetrating arterioles, are bottlenecks in the cerebral circulation (41), and they supply blood to discrete neuronal populations. PAs are high-resistance vessels, since they have a higher degree of myogenic tone than pial arteries (10). Importantly, dysfunction of PAs and alterations in their structure precede white matter lesions and may lead to development of vascular cognitive impairment (35).
PROPER PERFUSION OF THE BRAIN parenchyma is vital for neuronal homeostasis, since these cells have limited capacity to store energy and nutrients (9) . Even small changes in cerebral perfusion pressure can have detrimental effects on neuronal function that lead to long-term consequences, such as small vessel disease and cognitive impairment (16) . Parenchymal arterioles (PAs), also known as penetrating arterioles, are bottlenecks in the cerebral circulation (41) , and they supply blood to discrete neuronal populations. PAs are high-resistance vessels, since they have a higher degree of myogenic tone than pial arteries (10) . Importantly, dysfunction of PAs and alterations in their structure precede white matter lesions and may lead to development of vascular cognitive impairment (35) .
Chronic hypertension is a major risk factor for cerebral vascular diseases, including small vessel disease, stroke (ischemic, hemorrhagic, and lacunar), and dementias (37) . Hypertension causes functional and structural changes in large intracranial arteries (46, 48, 49) , such as the middle cerebral artery (MCA), and smaller pial arteries and arterioles (3, 24, 46) . These alterations include increased myogenic tone (32) , a rightward shift in the autoregulatory curve (31) , impaired endothelium-dependent dilation (62) , and structural and mechanical changes (46) . Hypertension increases intrinsic myogenic tone in MCAs from vasopressin-deficient rats (20) and stroke-prone spontaneously hypertensive rats (SHRSP) (54) . The increase in myogenic tone may be linked to enhanced calcium influx into the vascular smooth muscle cells through L-type voltage-gated calcium channels (14, 34, 55, 58) . Chronic hypertension also induces structural and mechanical changes in large pial arteries, including a reduced luminal diameter (inward remodeling) and increased wall thickness (wall hypertrophy) (47) (48) (49) 54) . The structural alterations, in particular, are at least in part dependent on mineralocorticoid receptor (MR) activation, since antagonism of this receptor prevented (54) and reversed (53) remodeling of the MCA in SHRSP.
The PAs are an important branch of the cerebral vascular tree vital for neuronal function, yet the effect of hypertension on these arterioles has not been studied. It is important to note that the PAs and the pial arteries and arterioles are structurally very different. PAs have very few anastomoses (39) , and having fewer branch points will theoretically reduce the regions of turbulent flow in the PAs. The innervation of the PAs and pial arteries is also different; pial arteries receive extrinsic innervation from the peripheral nervous system (26) . In pial arteries, sympathetic nervous system activity is, at least in part, responsible for the hypertension associated wall hypertrophy normally observed in SHRSP (4, 27) . PAs, on the other hand, are surrounded by astrocytic end feet (12) , and the astrocytes are the target of most of the nerves associated with the PAs (13) . Expression of neurotransmitter receptors also differs across the vascular tree. For example, ␣ 1 -adrenoreceptor activation with norepinephrine causes MCA contraction (18, 30) , but norepinephrine causes dilation in the PAs though activation of ␤-adrenoreceptors (38) . For these reasons, we cannot assume that the PAs and the pial arteries will behave in a similar manner when challenged with an increase in blood pressures.
The goal of our study was to investigate the impact of chronic hypertension on PAs. We hypothesized that PAs from SHRSP will exhibit increased myogenic tone and inward hypertrophic remodeling compared with PAs from normotensive Wistar-Kyoto (WKY) rats. We further hypothesized that lowering blood pressure and blocking the MR would reduce myogenic tone and attenuate inward remodeling in PAs from hypertensive rats.
METHODS

Animals.
Twelve-week-old male SHRSP from the colony housed at Michigan State University were used for this study. Age-matched WKY rats were purchased from Harlan Sprague-Dawley, (Indianapolis, IN). Rats were maintained on a 12:12-h light-dark cycle, with tap water and regular chow ad libitum. At 18 wk of age, rats were anesthetized with 3% isoflurane, weighed, and euthanized by decapitation after exsanguination, and the brains were collected. The experimental protocol was approved by the Michigan State University Institutional Animal Care & Use Committee and was in accordance with the National Institutes of Health "Guiding Principles in the Care and Use of Animals."
Antihypertensive therapy. Twelve-week-old male SHRSP were treated with a combination of hydralazine (150 mg/l) ϩ hydrochlorothiazide (50 mg/l) ϩ reserpine (4 mg/l) in the drinking water for 6 wk [SHRSP ϩ antihypertensive therapy (AhT)] (36, 42, 59) . Agematched vehicle-treated (distilled water) SHRSP were used as controls.
Eplerenone treatment. Twelve-week-old male SHRSP were treated with eplerenone (EPL) (100 mg/kg) given orally suspended in peanut butter once daily; this treatment protocol has been used by our laboratory for other MR antagonists (53, 54) . This dose of EPL was selected from studies in the literature (21, 63) , and pilot studies in our laboratory show that it effectively reverses MCA remodeling in SHSRP, to an extent similar to that observed for spironolactone (53, 54) . Vehicle-treated SHRSP received peanut butter daily and were used as controls for this study.
Measurement of arterial pressure. Blood pressure was measured by tail-cuff plethysmography using a RTBP1001 tail-cuff blood pressure system (Kent Scientific, Torrington, CT), as described previously by our laboratory (47) .
PA isolation and cannulation. A 5 ϫ 3-mm section of brain tissue containing the MCA was removed and placed in Ca 2ϩ -free physiological saline solution (PSS; in mM: 140 NaCl, 5 KCl, 1 MgCl2·7H2O, 10 HEPES, 10 dextrose) at 4°C, with 1% bovine serum albumin ϩ 10 M diltiazem ϩ 10 M sodium nitroprusside. The pia with the MCA was gently separated from the tissue, and PAs branching from the MCA were transferred to a custom-made cannulation chamber (61) . PAs were then cannulated between glass pipettes, bathed in warm (37°C) PSS containing 1.8 mM Ca 2ϩ , and pressurized to 50 mmHg until development of intrinsic myogenic tone, which was calculated using the following formula: %myogenic tone ϭ [1 Ϫ (active luminal diameter/passive luminal diameter)] ϫ 100. PA outer and luminal diameters were constantly tracked and recorded using MyoView 2.0 software (Danish Myo Technology, Aarhus, Denmark). All reactivity experiments described below were performed after the diameter of the arteriole stabilized for at least 10 min.
Role PA structural and mechanical properties. Structural and mechanical properties of the PAs were analyzed after incubation with 0 Ca 2ϩ -PSS supplemented with 2 mM EGTA and 10 M sodium nitroprusside. Intraluminal pressure was increased from 3 to 180 mmHg in 20-mmHg increments, and arterioles were allowed to equilibrate for 5 min before measurements were made and intraluminal pressure was increased. PA outer and luminal diameters were constantly tracked and recorded, and the wall thickness was calculated as (outer diameter Ϫ luminal diameter). The wall-to-lumen ratio and circumferential wall stress were calculated as described previously (2) , as was the passive distensibility (6) . The elastic modulus (␤-coefficient) was calculated from the stress/strain curves using an exponential model (y ϭ ae ␤x ), where y is circumferential stress, x is circumferential strain, a is intercept, and ␤ is the slope of the exponential fit and is directly correlated to vascular stiffness.
Chemical and reagents. Unless otherwise specified, all chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Statistical analyses. Myogenic tone and the ␤-coefficient data were analyzed by Student's t-test or a nonparametric alternative. PA reactivity to nifedipine and structural properties were analyzed by twoway ANOVA with a Sidak correction for multiple comparisons. Difference of means were considered significant when P Ͻ 0.05. All analyzes were performed using the GraphPad Prizm software (version 6.0c).
RESULTS
Physiological parameters. The final body weights and blood pressures for the SHRSP used in this study are summarized in Table 1 . AhT caused a significant reduction in blood pressure, whereas EPL slightly increased the blood pressure in the hypertensive rats. The AhT-treated rats weighed significantly less than the control or EPL-treated SHRSP. The weight loss could be a consequence of the reserpine treatment. Reserpine depletes monoamine neurotransmitters, serotonin, and catecholamines and has been shown to cause weight loss in rats (25) .
Chronic hypertension increases PA myogenic tone. Tone was increased in PAs from SHRSP compared with WKY rats by ϳ20% (Fig. 1A) . As a consequence, the PA resting luminal diameter after tone generation was significantly smaller in PAs of SHRSP than WKY rats by ϳ40% (Fig. 1B) .
PAs from SHRSP undergo inward remodeling. Assessment of the passive structure of PAs from SHRSP showed a marked inward remodeling, characterized by a reduction in the outer (Fig. 1C) and luminal ( Fig. 1D) diameters. In addition, the wall thickness was increased (Fig. 1E) . As a consequence of this, the wall-to-lumen ratio of the PAs from SHRSP was reduced compared with that of the PAs from WKY rats (Fig. 1F ). Values are means Ϯ SE. SHRSP, stroke-prone spontaneously hypertensive rats (n ϭ 8); AhT, antihypertensive treatment (n ϭ 11); EPL, eplerenone (n ϭ 5). *P Ͻ 0.05, different from SHRSP, one-way ANOVA with a Sidak correction for multiple comparisons. †P Ͻ 0.05 different from SHRSP and SHRSP ϩ EPL, one-way ANOVA with Bonferroni posttest.
Stiffness is reduced and compliance and distensibility are increased in PAs from SHRSP. Wall stress was lower in PAs from SHRSP compared with WKY rats ( Fig. 2A) , and distensibility was increased particularly at higher intraluminal pressures (Fig. 2B ). We observed a reduction in the stiffness, calculated by the ␤-coefficient, of PAs from SHRSP ( Fig. 2C) , and an increase in compliance, evidenced by a rightward shift of the stress-strain curve (Fig. 2D) .
AhT reduced PA myogenic tone in SHRSP. To test the hypothesis that chronic hypertension is associated with the increased myogenic tone in PAs, adult SHRSP were treated with AhT during the sustained phase of hypertension. AhT significantly reduced the blood pressure in SHRSP (Table 1) . We observed a significant reduction in the PA intrinsic myogenic tone generation after AhT compared with placebo-treated SHRSP (Fig. 3A) . In addition, the resting luminal diameter was significantly larger in PAs from SHRSP ϩ AhT than from placebo-treated SHRSP (Fig. 3B) .
Involvement of L-type voltage-gated Ca 2ϩ channels in maintenance of PA myogenic tone. To study if the increase in myogenic tone observed was associated with L-type voltagegated Ca 2ϩ channels, PAs were first incubated with the EC 90 concentration of nifedipine and then 0 Ca 2ϩ PSS ϩ nifedipine. Incubation with 0.1 mol/l nifedipine caused a more significant loss of myogenic tone in PAs from SHRSP than in PAs from SHRSP ϩ AhT, to the point that differences were no longer observed in the %myogenic tone (Fig. 3C) . Similarly, incubation with 0 Ca 2ϩ PSS ϩ 0.1 mol/l nifedipine caused a similar loss of myogenic tone in PAs from SHRSP and SHRSP ϩ AhT (Fig. 3C) .
PAs from SHRSP ϩ AhT are less sensitive to L-type voltagegated Ca 2ϩ channel blockade. To assess the reactivity of PAs to calcium channel blockers, arterioles were allowed to generate myogenic tone and were then incubated with increasing concentrations of nifedipine. We observed a rightward shift in the percentage of maximum response curve to nifedipine in SHRSP ϩ AhT (Fig. 3D) , and a trend toward an increase (P ϭ 0.058) after normalization of the data by the PA passive diameter (Fig. 3E) .
AhT reversed PA inward remodeling but did not alter mechanical properties. Lowering blood pressure in SHRSP resulted in an attenuation of the inward artery remodeling process, evidenced by an increase in the outer and luminal diameters of the PAs (Fig. 4, A and B, respectively) . There was also a modest reduction in wall thickness and a significant reduction in the wall-to-lumen ratio after AhT in SHRSP (Fig. 4, C and D) . PAs from SHRSP ϩ Aht showed increased wall stress compared with PAs from placebo-treated SHRSP (Fig. 5A) . However, AhT did not change the distensibility (Fig. 5B), stiffness (Fig. 5C ), or compliance (Fig. 5D ) of the PAs from SHRSP. Hypertrophic growth of the PA wall was also observed (E), which caused an increase in the PA wall-to-lumen ratio (F). For myogenic tone studies, PAs were incubated in Ca 2ϩ physiological saline solution (PSS) and pressurized to 50 mmHg, then allowed to generate spontaneous myogenic tone. Passive structure was assessed after incubation of PA with 0 Ca 2ϩ PSS supplemented with 100 mol/l sodium nitroprusside (SNP) ϩ 2 mmol/l EGTA. Values are means Ϯ SE; n, no. of rats. *P Ͻ 0.05, SHRSP compared with WKY (Student's t-test).
EPL did not reduce PA myogenic tone. Treatment of SHRSP with EPL for 6 wk during the sustained phase of hypertension did not reduce systemic blood pressure ( Table 1) . As a consequence, there were no differences in PA intrinsic myogenic tone generation (Fig. 6A ) and in the resting luminal diameter (Fig. 6B) .
The role of extracellular Ca 2ϩ in the maintenance of myogenic tone was not altered by EPL. To assess whether EPL treatment altered the contribution of L-type voltage-gated Ca 2ϩ channels in the development of PA myogenic tone, arterioles were incubated with nifedipine and 0 Ca 2ϩ PSS, as described above. The loss of myogenic tone with nifedipine treatment was similar in the EPL-treated and placebo-treated SHRSP (Fig. 6C) . Removal of extracellular Ca 2ϩ had a similar effect on PAs from the placebo-and EPL-treated SHRSP, and the remaining myogenic tone was not different between groups (Fig. 6C) .
L-type voltage-gated Ca 2ϩ channel blockade. There were no differences in the percent maximum response to nifedipine between PAs from SHRSP ϩ placebo and SHRSP ϩ EPL (Fig.  6D) . Similarly, normalization of the change in diameter data by the passive diameter showed that the response to nifedipine was similar between groups (Fig. 6E) .
EPL attenuated PAs inward remodeling and altered mechanical properties. EPL treatment attenuated the inward artery remodeling process observed in PAs from SHRSP. The PAs from EPL-treated SHRSP had larger outer (Fig. 7A) and luminal (Fig. 7B ) diameters over the entire range of intraluminal pressures studied. In addition, there was a significant decrease in wall thickness (Fig. 7C ) and in the wall-to-lumen ratio (Fig. 7D) , showing attenuation of the inward remodeling process in PAs from SHRSP. The increase in luminal diameter and reduction in wall thickness caused an expected increase in wall stress in PAs from SHRSP ϩ EPL (Fig. 8A) . PA stiffness was increased (Fig. 8C) , and distensibility (Fig. 8B ) and compliance were reduced (Fig. 8D) .
DISCUSSION
There are three major findings of this study. First, chronic hypertension increases myogenic tone in PAs and induces inward hypertrophic artery remodeling. Second, normalizing the blood pressure in SHRSP with AhT reduced myogenic tone and prevented the inward hypertrophic remodeling without affecting mechanical properties of PAs. Finally, EPL treatment did not lower blood pressure or myogenic tone, but it did prevent the inward hypertrophic remodeling. Together, these data suggest that the regulation of myogenic tone in PAs is likely linked to systemic blood pressure, whereas the remodeling process is more complex and involves circulating factors, MR activation, and blood pressure. To the best of our knowledge, this is the first study to demonstrate the effects of hypertension on the structure and function of the cerebral parenchymal microcirculation. It is important to note that, in these studies, the hypertension was allowed to develop completely before the drugs were administered. We propose that this treatment paradigm assesses the ability of MR antagonists and AhT to reverse the effects of hypertension on the cerebral vasculature; this increases the clinical relevance of the studies.
PAs connect the surface pial circulation to the deep cerebral microcirculation. They are considered bottlenecks of the cerebral circulation (41), since they have few branches. PAs perfuse discrete regions of the brain, and blood flow through them is tightly regulated by neurons and astrocytes through the process known as neurovascular coupling (19) . PA dysfunction or structural remodeling could have detrimental effects on local perfusion, leading to a persistent hypoxic microenvironment and neuronal death. In fact, a recent study showed that throm- botic occlusion of a single PA results in a cylindrical infarct that was linked to cognitive decline (57) . Despite the importance of PAs in the maintenance of cerebral function, little is known about their physiology, particularly in chronic pathological states, such as hypertension. As discussed in the Introduction, important differences between the pial circulation and the PAs prevent us from extrapolating the effects of drug treatments in the pial arteries to the PAs. Therefore, our study fills a gap in our understanding of the cerebral microcirculation.
The effects of hypertension on the regulation of myogenic tone in pial arteries are controversial. Some studies suggest that there is no difference in myogenic tone between posterior cerebral arteries of SHR and WKY rats (44) . In contrast, another study showed that myogenic tone is higher in SHR than WKY rats (23, 33 ). The present study shows that myogenic tone is increased in PAs from SHRSP compared with WKY rats, and, consequently, the resting luminal diameter of PAs is smaller in hypertensive rats. Furthermore, PAs from SHRSP treated with AhT for 6 wk during the sustained phase of hypertension exhibited a reduction in myogenic tone compared with SHRSP ϩ vehicle. These data suggest that systemic blood pressure may be the primary determinant of increased myogenic tone in PAs from hypertensive rats. This concept is supported by the finding that the resting luminal diameters of PAs from female SHR are smaller than those from WKY rats, possibly due to increased myogenic tone (7). This argument is strengthened by the fact that EPL treatment, which did not reduce systemic blood pressure, also did not change myogenic tone. It is unclear if the increased myogenic tone observed with hypertension is an adaptive response to increase segmental resistance in the cerebral vascular tree. Although plausible, this idea is controversial, because a previous study showed an increase in vascular resistance in upstream arteries, including the pial arteries and large intracranial arteries, which potentially normalizes perfusion pressure in downstream arterioles, including PAs (22) . This hypothesis requires further investigation.
Regulation of myogenic tone ultimately relies on calcium influx into the smooth muscle cells and is modulated by the sensitivity of the contractile machinery to calcium (15, 29) . PAs generate more myogenic tone than large intracranial arteries, such as the MCA, and this may be dependent on higher activity of voltage-dependent Ca 2ϩ channels (11) . Importantly, Ca 2ϩ influx through voltage-gated Ca 2ϩ channels seems to be increased during hypertension, which could further enhance myogenic tone (14, 34, 58) . In fact, Ca 2ϩ currents in vascular smooth muscle cells isolated from mesenteric arteries from SHR are larger than those from vascular myocytes isolated from WKY rats. This difference was linked to an in- creased open probability of the channel (43) . These data suggest that hypertension changes the kinetics of L-type Ca 2ϩ channels, rather than increasing the number of channels in the membrane. Increased channel opening increases whole cell amplitude of Ca 2ϩ currents that may increase contractility, leading to higher myogenic tone. The present study adds to this picture, by showing that blockade of L-type Ca 2ϩ channels with nifedipine caused a larger dilation in PAs from SHRSP ϩ placebo and SHRSP ϩ EPL, but not in SHRSP ϩ AhT. These data suggest that the increased myogenic tone observed with high blood pressure may be dependent on Ca 2ϩ influx through L-type Ca 2ϩ channels, although a change in Ca 2ϩ sensitivity could also play a role, as discussed below. One caveat in our study is that we did not study the biophysical characteristics of L-type Ca 2ϩ channels in PAs from SHRSP; thus it is still possible that there is an increase in L-type Ca 2ϩ channel number, in addition to an increase in their activity. Further, changes in kinetics of K ϩ channels could also cause the resting membrane potential of myocytes to be more depolarized, thus increasing myogenic constriction.
Alterations in Ca 2ϩ sensitivity of smooth muscle cells, as a consequence of a phenotype switch, could also play a role in AhT had no effect on PA mechanical properties. A: wall stress was higher in PAs from SHRSP ϩ AhT compared with placebo-treated SHRSP. There were no differences in PA distensibility (B), stiffness, calculated as the ␤-coefficient (C), or in the stress-strain relationship (D) between groups. Passive structure was assessed after incubation of PAs with 0 Ca 2ϩ PSS supplemented with 100 mol/l SNP ϩ 2 mmol/l EGTA. Values are means Ϯ SE; n, no. of rats. *P Ͻ 0.05, SHRSP compared with WKY (Student's t-test).
increased myogenic tone during chronic hypertension. Mechanical stretch induces the expression of contractile proteins in smooth muscle cells, namely smooth muscle myosin heavy chain-1 and -2 (52) . An increase in these proteins could potentially increase contractility (51), thus accounting, at least in part, for the increased myogenic tone in PAs from SHRSP. In addition, the sensitivity of the contractile machinery to Ca 2ϩ could be enhanced, a phenomenon that occurs in arterial smooth muscle cells from hypertensive rodents (28, 40) . In particular, the activity of Rho-associated kinase, a protein that importantly modulates smooth muscle Ca 2ϩ sensitivity (56) , is increased by hypertension (8, 60) . It remains undetermined if PAs from SHRSP have enhanced Ca 2ϩ sensitivity as a consequence of a phenotype switch in the smooth muscle cells.
The link between hypertension and remodeling of large cerebral arteries is known, and it is clear that intraluminal pressure and circulating factors are involved in the process (46) . However, the effects of hypertension on the PAs have not been widely studied. PAs from SHRSP showed a smaller passive outer and luminal diameter than PAs from normotensive WKY rats. There was also an increase in the wall thickness and wall-to-lumen ratio. Interestingly, the increased wall thickness was linked to lower stiffness, increased distensibility, and higher compliance in PAs from SHRSP. It is possible that the increased wall thickness is associated with thickening of the internal elastic lamina, which could account for increased distensibility. In fact, pial arteries of SHRSP show increased elastin content in their wall (5) . Other studies have shown similar effects of hypertension on wall stiffness in the larger cerebral arteries (2, 17) .
Reducing blood pressure attenuated the inward remodeling in PAs from SHRSP. SHRSP ϩ AhT had PAs with larger outer and luminal diameters, and the wall thickness and wall-tolumen ratios were also reduced. Attenuating the inward remodeling and reducing intrinsic myogenic tone may act together to increase the resting luminal diameter of PAs from SHRSP ϩ AhT. This could have beneficial effects in vivo by preventing chronic mild local hypoperfusion, which has been linked to the development of small vessel disease and vascular cognitive impairment (64) . In particular, the white matter is largely perfused by the PAs, and histological and in vivo studies show that arterioles within the white matter of patients with small vessel disease have narrowed lumens (1, 45) . Thus AhT may delay the onset, if not prevent, the development of small vessel disease in hypertensive patients by increasing normal perfusion.
The MR receptor is involved in remodeling of large intracranial arteries independent of blood pressure. We showed previously that MCAs from SHRSP treated with spironolactone have larger luminal diameters than MCAs from control SHRSP (53, 54) . Similarly, the present study shows that treatment of SHRSP with EPL attenuates inward PA remodel- ing, observed as an increase in the outer and luminal diameter, and a reduction in wall thickness and wall-to-lumen ratio. EPL also altered the mechanical properties of PAs, resulting in arterioles with increased stiffness, lower distensibility, and compliance. These changes occurred, despite there being a small but significant increase in blood pressure in the EPLtreated rats. The changes in mechanical properties observed may be age dependent. In young SHRSP, blockade of the MR receptor with spironolactone during the development phase of hypertension (6 -12 wk of age) increases MCA compliance and reduces stiffness (54) . However, when SHRSP are treated with spironolactone from 12 to 18 wk of age (the same treatment paradigm used in the present study), stiffness and compliance are unchanged (53) . The differences in these previous findings and the ones reported here could be a consequence of the different segments of the cerebral vascular tree being studied. Furthermore, it is possible that the reduction in wall thickness observed in PAs from SHRSP ϩ EPL may be a consequence of thinning of the internal elastic lamina, which would increase stiffness and reduce compliance and distensibility.
In summary, this study shows that chronic hypertension increases intrinsic myogenic tone and induces inward hyper- trophic remodeling of PAs. The increased myogenic tone is dependent on the maintenance of high systemic blood pressure and Ca 2ϩ , either by increased influx through nifedipine-sensitive channels or enhanced Ca 2ϩ sensitivity as a consequence of phenotype switch in smooth muscle cells. On the other hand, attenuation of the remodeling process occurs through blood pressure-dependent and -independent mechanisms.
Hypertension is a major modifiable risk factor for cerebral small vessel disease, which hastens the onset of vascular cognitive impairment, is linked to Alzheimer's disease, and increases the risk of ischemic stroke (50) . Arterioles from patients with small vessel disease show narrowing of their lumen, suggesting that inward remodeling of PAs may be a major player in the development of small vessel disease (45) . Thus therapies aimed at attenuation of remodeling, whether reducing systemic blood pressure or not, may be beneficial for patients at risk.
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